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Hypothesis: Nanoparticle adsorption at the oil–water interface in an unstable, coalescing emulsion leads
to cluster formation.
Experiments: Stable suspensions of clusters are prepared using a facile, two-step procedure involving few
reagents and neither thiolated compounds nor chlorinated solvents. First, colloidal gold nanoparticles are
assembled at the aqueous–hexanol interface in an emulsion that rapidly coalesces and spontaneously
deposits a ﬁlm on the interior surface of the glass container. The ﬁlm is dissolved in ethanol with son-
ication to disperse the clusters. The ﬁlm and clusters are characterized by transmission electron and
atomic force microscopies as well as ultraviolet–visible spectrometry.
Findings: Clusters are observed to contain as few as 8 to as many as 24 Au nanoparticles. The clusters are
anisotropic and can also be formed from larger nanoparticles. Hydrophobic and hydrophilic interactions
are implicated in the formation of these clusters within the interfacial tension gradients of a coalescing
emulsion. The clusters can be re-suspended in ethanol and water, maximizing the utility of these clusters
with an extinction band in the near-Infrared region of the electromagnetic spectrum.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Synthetic routes to clusters composed of ﬁxed numbers of
metal-containing nanoparticles with their accompanying elec-
tronic, magnetic and plasmonic properties continue to generate
vibrant scientiﬁc interest. For tunable plasmonic properties, there
is much focus on cluster formation or aggregation [1] from coinage
metal nanoparticles, particularly gold [2–10]. Excitement in
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part to their near-Infrared (NIR) extinction bands, a potentially
useful characteristic for biomedical as well as other plasmonic-
sensing applications [2–10]. In this work, we present a facile,
greener synthetic route to cluster preparation using a hydrosol-
oil-glass interface and an unstable, coalescing emulsion to generate
clusters of AuNPs with near-Infrared extinction.
In this investigation, cluster synthesis was serendipitous.
Our original objective was to obtain monolayer assembly of
close-packed AuNPs at the aqueous–organic interface. Our lab-
oratory has previously reported an assembly of passivated Ag
nanoparticles at the organic–aqueous ﬂuid–ﬂuid interface
resulting in interfacial ﬁlms [11] and climbing ﬁlms [12]. In
the latter case, uniform, contiguous ﬁlms were formed but
these required combination of several reagents including a
chlorinated solvent to serve as the oil phase. In an effort to seek
more sustainable, greener methods for spontaneous ﬁlm forma-
tion from coinage metal nanostructures with advantageous
optical properties, we turned to a well-known Au nanoparticle
hydrosol synthesis. We then sought ways to improve the pack-
ing of AuNPs in the spontaneously deposited ﬁlm.
To accomplish our original goal, we reproduced the results by
MayyaandSastry [13] andReincke et al. [14] in a largelygeneral phe-
nomenon of ﬁlm formation where these ﬁlms are composed of par-
ticles climbing from liquid–liquid interfaces [15]. Next, we
employed techniques used in the Binks et al. system [16,17] with
slightmodiﬁcations. Using an ordinary vial and a column apparatus,
we made ﬁlms from an unstable emulsion. To our astonishment,
ﬁlms from both methods can be sonicated in solvent to create a
robust suspension of small clusters of AuNPs. Our scientiﬁc atten-
tion was then directed to the formation of clusters of nanoparticles
from particle adsorption and aggregation on droplet interfaces in a
coalescing emulsion. Cluster synthesis through nanoparticle assem-
bly in both stable (Pickering emulsions) and unstable emulsions has
proven successful [13–24]. Herein, we show that a climbing ﬁlm
deposited on a glass surface is composed primarily of clusters of
AuNPs formed from 8 to 24 AuNPs. These clusters can be suspended
in ethanol exhibiting a 655–673 nm extinction band maximum.
These clusters can also be re-suspended in water.2. Materials and methods
2.1. Materials
Sodium citrate dihydrate (99%) and reagent grade 1-hexanol
(98%) were purchased from Sigma Aldrich and used as received.
Gold (III) chloride hydrate was procured from Matheson Coleman
& Bell and used as received. Glass-distilled water was used to pre-
pare our sols and aqueous phases. Ethanol with a proof of 190 was
obtained from Pharmco-Aaper and used without any additional
puriﬁcation. Glassware was cleaned, rinsed with acetone then
rinsed with deionized water, and dried at 40 C.2.2. Synthesis and characterization of Au nanoparticles
Colloidal AuNPs were prepared following the method reported
by McFarland et al. [25] with minor adjustments. Brieﬂy, 0.1 g of
chloroauric acid was dissolved in 500 mL of distilled water in an
Erlenmeyer ﬂask and brought to a boil under continuous stirring.
A solution containing 1 g of sodium citrate in 100 mL of distilled
water (38.8 mM) was prepared and 25 mL was added to the gold
solution after it had begun to boil. Within a few minutes the solu-
tion turned from translucent yellow to pitch black and ﬁnally to a
dark red color, indicative of AuNP formation. The solution was
allowed to simmer for 10 min ensuring the complete reductionof the gold salt. After cooling to room temperature, the AuNP
hydrosol was diluted with distilled water to give a 25% (v/v)
AuNP hydrosol. Next, ignoring the residual concentration from
the reduction, excess sodium citrate was added to give a 5 mM
concentration in the hydrosol. The nanoparticles dispersed in the
sol were drop cast on a TEM grid and their size distribution mea-
sured quantitatively from TEM (see Fig. S1 in Supplementary
Material). This NP size distribution was also veriﬁed with contact
AFM; in this case, circular glass coverslips with a diameter of
9 mm were functionalized with 3-(aminopropyl)triethoxysilane
(APTES) (Acros) as previously reported [26,27], and submerged in
AuNP sols for 2–24 h, rinsed with distilled water, allowed to dry,
then moved to the AFM for imaging.
2.3. Film formation with the vial method and collection of clusters
As illustrated in Fig. 1, top panel the typical experiment places
5 mL of the AuNP hydrosol in an ordinary borosilicate glass vial,
followed by the addition of 4 mL of hexanol. The vial is sealed
and inverted repetitively until a color transformation from red to
blue-purple is observed. The resulting emulsion is not stable. As
the particle-coated emulsion droplets coalesce, the deposition of
a ﬁlm becomes visible at the liquid–liquid interface and then rises
onto the inner wall of the glass vial (or inserted glass slide that
intersects the liquid–liquid interface) until all the emulsion dro-
plets have coalesced. The glass adhered ﬁlm is covered by the hex-
anol phase while the lower aqueous phase takes on a light pink
coloration due to the depletion of AuNPs in the lower phase. The
liquids were carefully pipetted from the vial, leaving the blue ﬁlm
adhered on the glass wall. Immediately, the ﬁlm was rinsed from
the vial wall with 2 mL of ethanol and sonicated for 2 min followed
by an additional 15 min, forming a blue-colored suspension pic-
tured at top right in Fig. 1. The ethanolic suspension is stable for
up to 8 months with the maximum of the extinction band of the
clusters unchanged; a tiny amount of precipitate can form over
months but these are easily re-suspended with agitation or son-
ication. If the thin ﬁlm is left unperturbed in an uncapped vial
for more than 15 min, then the ﬁlm will dessicate and become
strongly adhered to the glass surface. Of further note, when 1-hex-
anol was added gently to top of the aqueous AuNP sol (before
sodium citrate enrichment) without agitation, a ﬁlm does form at
liquid–liquid interface over a day with black precipitate at bottom
of vial and a colorless lower aqueous phase. The AuNPs do not
phase-transfer to the oil phase.
2.4. Film formation via the column method increases cluster yield
In order to assemble ﬁlms on ﬂat glass substrates with areas
greater than 18 cm2, an improved system inspired and largely
based on Binks’s apparatus [17] was created. Instead of emulsiﬁca-
tion by shaking or vortexing the contents of the vial, 1-hexanol was
injected through the gold sol in a glass column to create the emul-
sion. As depicted in Fig. 1, bottom panel, 25 mL of the AuNP hydro-
sol is poured into a glass tube plugged with a rubber septum at the
bottom end. Next, a 10 mL aliquot of 1-hexanol is injected through
the septum using an intradermal bevel hypodermic needle
(PrecisionGlide) secured to a 12 mL Luer-Lock plastic syringe
(National Scientiﬁc). The AuNP hydrosol turned from light red to
pale lavender immediately as the emulsion droplets formed and
subsequently coalesced at the top of the column. After the ﬁlm
had been deposited onto the inner wall of the glass column, the liq-
uid contents of the column were withdrawn by inserting a needle
through the septum. After removing the needle, the last few drops
of liquid were pipetted away and 10 mL of ethanol was used to
rinse the ﬁlm from the glass surface into a vial. The resulting sus-
pension, which has the appearance of ﬂocculated black
Fig. 1. Films from two methods of forming a coalescing emulsion. Top panel of
digital images: the vial method with two ﬂuids to generate a coalescing emulsion.
Left: 5 mL of AuNP sol covered by 4 mL of 1-hexanol. Center: ﬁlm formation due to
the coalescence of an unstable emulsion created by inverting the vial 20 times.
Right: a suspension is created when the ﬁlm is rinsed and sonicated from the vial
wall using 2 mL of ethanol after removing the original liquid contents from the vial.
Bottom panel of digital images: the column method optimized for AuNP cluster yield.
Left: a 30 cm  1.3 cm glass column sealed with a rubber septum at one end with a
syringe inserted ready to inject 10 mL of 1-hexanol through 25 mL of AuNP sol.
Center: Film formation as a result of emulsion coalescence and subsequent ﬁlm
deposition. Right: a suspension is created when the deposited ﬁlm is rinsed and
sonicated with 10 mL of ethanol after draining the original contents.
0.0
Fig. 2. UV–vis extinction spectra and the ﬁlm. Extinction spectra in the visible and
near-Infrared region of the electromagnetic spectrum are displayed for Au
nanoparticles (dots), the prepared ﬁlm (dashes), and suspended AuNP clusters in
ethanol (blue) and water (offset dashes). A yield of 93% for AuNPs removed from the
hydrosol was calculated from UV-vis extinction spectra of the aqueous phase before
and after emulsiﬁcation using the column method. Also a digital image of the ﬁlm
made by the column method (inset: A typical glass substrate 2  10 cm2 glass slide
with ﬁlm coverage from the column method on both sides giving a total surface
area over 18 cm2).
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15 min to yield a stable ethanolic suspension of AuNP clusters.
Additionally, a ﬁlm on a glass substrate, such as that pictured in
Fig. 2, inset, was prepared by injecting 20 mL of hexanol through
75 mL of AuNP hydrosol in a polypropylene tube, 2 cm in diameter
and 30 cm long. The glass substrate was secured to the top of and
within the plastic column in order to collect the ﬁlm.
2.5. Film and cluster characterization
Ultraviolet–visible spectrometry (UV–vis) was employed
throughout our study with a spectrometer (Agilent 8453).
Standard disposable plastic cuvettes with a 1 cm path length were
used for aqueous samples while a quartz cuvette with a pathlength of 1 cm was used for samples in ethanol. Additionally, a
transmission electron microscope (Zeiss EM109) operated at a
voltage of 50 keV was utilized to visualize AuNPs and AuNP clus-
ters. TEM grids (200 mesh Formvar coated, Ted Pella) were pre-
pared by placing the grid, shiny blue side up, copper side down,
on a piece of ﬁlter paper after which a drop of the appropriate
sol was place on each and left to dry under ambient conditions.
Atomic force microscopy (AFM) using a Digital Instruments
Multimode Scanning Probe Microscope with Nanoscope IV con-
troller was also utilized to characterize nanoparticle sols, deposited
ﬁlms (on glass slides), and cluster suspensions (on mica surfaces).
AFM instrument software was used to measure ﬁlm depth. A few
ethanolic suspensions of clusters were stored for weeks and
months. One of these suspensions was stored for 8 months and
was probed by TEM and UV–vis.3. Results and discussion
3.1. Characterization of NPs
A citrate-capped AuNP hydrosol as starting material was syn-
thesized and characterized by UV–vis spectrometry and TEM.
Fig. 2 shows the well-known extinction spectrum of the aqueous
sol of citrate-capped AuNPs with kmax = 520–525 nm as the local
surface plasmon resonance [28] (LSPR). Fig. S.1 (Supplementary
Material) displays TEM images with associated size histograms
showing the AuNPs. We originally sought to organize the AuNPs
at the aqueous–hexanol interface with an eye toward formation
of a more uniform, contiguous ﬁlm composed of close-packed par-
ticles. To achieve our objective, we employed a slight modiﬁcation
of the work of Reincke et al. [14] an elegant method in its simplic-
ity. We had two reasons to make this modiﬁcation. First, we
wanted to reduce the number of reagents needed to create a ﬁlm;
we substituted 1-hexanol for heptane (with addition of ethanol) as
the oil phase. Previous unpublished work in this laboratory has
shown that use of alcohols as the oil phase allows replication of
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phase; ﬁlm formation performed with 1-hexanol proved to be the
most reproducible. Our second reason for modiﬁcation of the
Reincke et al.work was to more efﬁciently transfer the AuNPs from
the hydrosol to the ﬁlm as we hypothesized that inefﬁcient nano-
particle adsorption to the water–oil emulsion contributed to non-
uniform packing of AuNPs in a ﬁlm that unevenly covered the glass
surface. To realize the second goal, and in consideration of
McFarland’s study [25] we chose to alter the electrostatic interac-
tions among the colloidal nanoparticles to allow for increased
nanoparticle adsorption at the liquid–liquid interface through
reduction of inter-particle electrostatic repulsions. After the addi-
tion of excess 5 mM sodium citrate to the as-synthesized gold sol
and making an emulsion with 1-hexanol, contiguous ﬁlms were
reproducibly observed. We attribute this small qualitative
improvement to additional screening of citrate-capped AuNPs by
Na+(aq).
3.2. Composition of the ﬁlm and resulting suspension
A UV–vis spectrum was collected for the ﬁlm (Fig. 2), and it
shows an extinction band with maximum at 664–686 nm, red-
shifted from the 520–525 nm extinction of the AuNP hydrosol.
Such a red-shift in band maximum is expected with closely spaced,
interacting nanostructures [28,29]. Next we attempted to recover
the AuNPs from the ﬁlm with solvent as we presumed that the ﬁlm
was composed of closely-packed individual particles. We found
that the ﬁlm did not easily dissolve; a black precipitate formed
and settled to the bottom of a vial. Upon sonication of these black
aggregates in ethanol for just a few minutes, a transparent blue-
colored, stable suspension was created. Fig. 2 also displays the
UV–vis spectra of the ethanolic suspension (kmax = 655–673 nm)
and aqueous suspension (kmax = 633 nm) each with an extinction
band maximum red-shifted from the 520–525 nm hydrosol start-
ing material and slightly blue-shifted from the ﬁlm’s extinction
band maximum. Presuming that each suspension contains the
same dispersed entities, the difference in the degree of blue-shift
in the two suspensions compared to the ﬁlm’s extinction band
maximum may be attributable to a change in local dielectric con-
stant due to the solvent index of refraction (water and ethanol
have indices of refraction of 1.333 and 1.361, respectively; the
aqueous suspension should be blue-shifted from the ethanolic sus-
pension) [30]. These spectral data strongly suggest that the build-
ing blocks of the ﬁlm are dispersed in the suspensions and these
dispersed entities are not individual AuNPs.
We employed TEM (Fig. 3) to characterize the two suspensions
generated from dissolution of the deposited ﬁlms. In Fig. 3a, a large
aggregate of AuNPs from the ethanolic suspension is observed.
Large aggregates were not usually observed by TEM, and we sus-
pect that this one was formed upon deposition of a volume of sus-
pension onto the TEM grid with solvent evaporation. Notice that
this large aggregate appears to be formed from individual smaller,
triangular-shaped clusters of AuNPs such as the one at far right in
Fig. 3a. Fig. 3b also shows aggregation of apparently a smaller
number of clusters of AuNPs. Figs. 3c–f display TEM images of
individual clusters from ethanolic suspensions, Fig. 3g displays
an image of two or three clusters from an aqueous suspension,
and Fig. 3h is a single cluster from an ethanolic suspension of a ﬁlm
formed from a larger-sized AuNP hydrosol (with constituent NPs of
size 25 nm). Individual clusters measured by TEM in these
images and throughout the investigation were found to be com-
posed of 8–24 nanoparticles. Recently, cluster formation was mea-
sured by Pozzo et al. [19] While Pozzo et al. could not capture the
clusters in a Pickering oil/water emulsion stabilized by passivated
12 nm AuNPs, clusters of 5 AuNPs on the colloidosomes were
imaged by TEM and these colloidosomes exhibited a 680 nmextinction band maximum. Dutta et al. showed via TEM measure-
ments that three-dimensional Au NP superlattices are formed at
the interface of a stable emulsion [31].
To address the question of ﬁlm composition and whether the
clusters are formed upon ﬁlm deposition or sonication of the ﬁlm,
we utilized contact-mode AFM in air under ambient conditions.
AFM was used to qualitatively verify the particle size distribution
measured by TEM and as a source of comparison to any nanostruc-
tures in the climbing ﬁlm. The expected monodispersity and NP
diameter from the TEM measurements is observed (Fig. S1,
Supplementary Material) in Fig. 4, top left. A volume of a blue-col-
ored, ethanolic suspension of a deposited ﬁlm was drop-cast on a
bare mica surface and imaged (Fig. 4, top right) showing triangular,
nanometer-scale structures with similar size to individual clusters
imaged by TEM. The ﬁlm deposited on glass is imaged in Fig. 4, cen-
ter, from deposition with the column method on an inserted glass
slide. This AFM image shows that the ﬁlm is not as uniform and con-
tiguous as we originally sought. The ﬁlm has the height of
12 ± 2 nm, the approximate diameter of the AuNPs, indicating that
the ﬁlm is monolayer. A magniﬁed image of a different area of the
same ﬁlm (center) is presented in Fig. 4, bottom. Here, packed clus-
ters of nanoparticles and a few triangular structures are resolved.
We believe that the latter triangular structures are clusters or per-
haps solids formed from Ostwald ripening of the AuNPs in a cluster.
Another possibility is that these few triangular structures are a very
minor component of the as-prepared AuNP colloid. The AFM data
suggest that the ﬁlm is largely composed of packed clusters of
AuNPs in a monolayer and that a suspension of the ﬁlm in ethanol
yields anisotropic clusters of AuNPs of a size consistent with those
found by TEM. TEM and AFM data together provided compelling
evidence that the ﬁlm is largely formed of clusters of AuNPs and
that the sonication process alone is not responsible for cluster
formation.
3.3. Factors that inﬂuence cluster formation
Additional UV–vis spectral measurements were made to
explore other factors that might inﬂuence the cluster formation
and the ﬁlm deposition process. First, we achieved a yield of over
90% for clusters in ethanol (Fig. S2, Supplementary Material, and
calculation of yield) using the column method. Second, we investi-
gated how AuNP diameter size might affect the ﬁlm formation,
composition, and the resulting suspension of clusters. Fig. 5 dis-
plays extinction spectra for ﬁlms and resulting suspensions as a
function of AuNP size of the hydrosol starting material. A ﬁlm is
generated from each size distribution of AuNPs; however the
extinction band is narrowest and least red-shifted from the hydro-
sol for the 13 nm AuNPs (Fig. 5, top), suggesting optimized cluster
monodispersity. In the suspensions of these ﬁlms we see an inter-
esting result (Fig. 5, bottom). Suspensions from 13 nm AuNPs show
a similar extinction band maximum and spectral proﬁle as mea-
sured for the ﬁlm. However, suspensions from ﬁlms of the two lar-
ger-sized AuNP sols exhibit two extinction maxima where a second
maximum at 520–525 nm indicates that unclustered AuNPs are
also a component of the suspension. The smallest-sized AuNPs
tested here resulted in the best yield of clusters of AuNPs and
the lowest yield of dispersed AuNPs upon dissolution of the ﬁlm.
Third, we explored how important 1-hexanol is to cluster forma-
tion. To do this we reproduced the method of Reincke et al. using
heptane (with addition of ethanol) as the oil phase to induce ﬁlm
ﬂow with our own AuNP sols. The UV–vis spectra (Fig. S3,
Supplementary Material) for those ﬁlms and their resulting sus-
pensions show extinction features that indicate measureable
AuNPs along with clusters; therefore, we conclude that 1-hexanol
as the oil phase produces a higher yield of clusters than heptane/
ethanol.
50 nm 
(b)
(a) (c)
(d) 
(e) 
(g) 
(f)
(h) 
140 nm 
Fig. 3. Characterization of AuNP clusters by TEM. In panels (a–f), TEM images are displayed that characterize the ethanolic suspension of AuNP clusters. In (a), a large
aggregation of individual clusters with a single cluster at far right is shown. About 8–10 clusters are aggregated in (b). Panels (c–f) each show an image of a single cluster
composed of about 9–14 AuNPs. A cluster imaged from aqueous suspension is shown in panel (g) and is composed of 3–4 clusters of AuNPs. The ﬁnal TEM image in panel (h)
is a single cluster from an ethanolic suspension formed from larger-sized AuNPs (25 nm). Each panel has a unique scale bar in nm length as indicated; the scale bar in (e)
applies to (c) and (d) and the scale bar in (g) applied to (h).
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We studied cluster stability in ethanolic suspensions as an addi-
tional means of characterization. We measured UV–visible
extinction of clusters in ethanolic suspension after 8 months, and
the maxima are similar to freshly prepared clusters (see
Supplemental Material). In addition, TEM of clusters suspended
for 8 months were collected showing similarly sized clusters as
freshly prepared suspensions (a representative image is show in
Supplemental Material).
3.5. Exploration of cluster formation mechanisms
With characterization of these clusters of AuNPs in hand, we
were eager to explore an interpretation for their formation. Our
emulsion is unstable under the conditions of this experiment yet
the NPs adsorb to the interface sincewe observe an immediate color
change from red to purple with mixing using the vial method or
injection of 1-hexanol into the AuNP hydrosol with the column
method. Although the water-hexanol interfacial tension
(c = 6.8 mN/m, at 25 C) [32] is lower than for water-hexane
(c = 50.38 mN/m, at 25 C) [33], the AuNP sol we prepare makes an
emulsion only with 1-hexanol. The energy of desorption for a NP
(with radius R) that wets both phases with contact angle h at the
interface is E = pR2c (1  |cos h|)2 [16,23,34,35], where c is the liq-
uid–liquid interfacial tension. Consideration of this energy expres-
sion with the aforementioned observations suggest that the AuNPs
are wetted by both water and hexanol phases equally with h = 90,
a contact angle that maximizes the desorption energy. Since the
AuNPs do not stabilize the emulsion however, the coalescing emul-
sion decreases the total interfacial area and consequently increases
the surface pressure of the adsorbed particles [17]. This increasedsurface pressure in turn induces interfacial tension gradients (a
Marangoni effect where interfacial tension stresses that are tangen-
tial to the surface overcome viscous stresses [36]) to forcemass ﬂow
and ﬁlm deposition on the interior glass walls. Dynamic self-assem-
bly of NPs at the air–water interface in a reversible process has been
recently demonstrated with purposeful control of surface tension
gradients [37]. While the mechanical agitation that establishes an
unstable emulsion pre-wets the glass surface with the vial method,
the column method does not and still ﬁlm deposition occurs [15].
This qualitative ﬁnding suggests that the outer surface of the climb-
ing ﬁlm is not hydrophobic. As the ﬁlm is deposited, no AuNPs trans-
fer to the hexanol phase. As a control experiment, hexane (without
additional ethanol) was added to the AuNP sol and no coalescing
emulsion with ﬁlm formation was observed with or without agita-
tion (and no color changes were observed indicating no NP adsorp-
tion to the interface).
For a more nuanced understanding of cluster formation in an
unstable emulsion we relied on recent experimental and theoreti-
cal advances in understanding (1) structure of citrate adlayers on
AuNP surfaces [38], (2) conditions for both unstable and Pickering
emulsions [23], and (3) formation of clusters of nanostructures
via the hydrophobic interactions (or hydration interactions)
[18,20,21,39]. The choice of 1-hexanol as the oil phase allowed
for the possibility of hexanol adsorption to the citrate-stabilized
AuNPs during emulsiﬁcation further adding to interfacial tension
gradients at the organic–aqueous interface and changing the con-
tact angle h of the AuNPs. Park and Shumaker-Parry [38] con-
ducted an expansive study of citrate adsorption on the surface
of gold. They found that citrate trimers adsorb as a bilayer of
10 Å with citrate chains on Au (111) facets of the AuNP surface
with 45% surface coverage [38]. In our experiment, hexanol
adsorption can occur either directly to any bare gold surface area
Fig. 4. Contact AFM Characterization of AuNPs, the ﬁlm, and the resulting cluster
suspension. Top left: constant-force contact AFM image of AuNPs adsorbed to
APTES/glass indicating starting material nanoparticle size and monodispersity; Top
right: constant-height contact AFM image of clusters of AuNPs collected from a ﬁlm,
dispersed in ethanol, and then deposited on a unmodiﬁed mica surface. Center:
constant-force AFM image of the ﬁlm deposited on glass via the column method
(ﬁlm height 12 nm ± 2 nm). Bottom: a magniﬁed area of a different region of the
same ﬁlm imaged in Center imaged by constant-force contact AFM showing
clustered AuNPs. The scale bar in the top panels and bottom panel is 100 nm; the
scale bar in center panel is 500 nm.
Fig. 5. Extinction spectra of deposited ﬁlms and suspensions from sonicated ﬁlms
as a function of AuNP size. Top: Spectra of ﬁlms formed from different sizes of
AuNPs. A narrower, blue-shifted extinction spectral proﬁle is shown as NP size
decreases as 13 nm (solid), 15–18 nm (dots), and 23–35 nm (dashes). Bottom:
Spectra of suspensions of the ﬁlms. As with the ﬁlms, the smallest AuNPs exhibit a
comparatively narrower extinction feature and fewest recovered AuNPs.
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competitive adsorption where hexanol displaces citrate on the
gold surface may occur. While we do not have direct measure-
ments that show hexanol is adsorbed to the AuNPs, we know that
no emulsion, no particle adsorption, and no ﬁlm formation occur
with hexane as the oil phase under the exact same experimental
conditions. Therefore, we postulate that 1-hexanol adsorbs to the
AuNP surface, and alters the NP wettability and contact angle h in
the interfacial region.
While our coalescing emulsion may become a Pickering emul-
sion at higher weight percent AuNPs in the sol [16,17,19,22,23,35],
we hypothesize that under our experimental conditions the unsta-
ble emulsion has NPs adsorbed to the interface with amean contact
angle h = 90. Any distribution of contact angles in the interfacial
region that are consistent with an unstable emulsion may con-
tribute to interfacial tension gradients leading to ﬁlm ﬂow via the
Marangoni effect. We postulate that either (1) a range of contact
angles distributed closely about h = 90 occurs with NPs sitting at
the interface or (2) a bimodal population of contact angles occurs
with some NPs hydrophobic (h > 90) and others hydrophilic
(h < 90) at the water-hexanol interfacial region as 1-hexanol
adsorbs to the AuNP surface. Both scenarios would yield a net
h = 90 in the Young-Dupré condition (noting that this condition
holds for equilibrium). The latter scenario was very recently discov-
ered by Destribats et al. with state diagrams for interfacial particle
stability and emulsion type mapped for latex particles with speciﬁc
surfacewettability [23]. In fact, Destribats et al.measured clustering
of particles with two populations of contact angles although theauthors could not deﬁnitively state whether this was a general phe-
nomenon or speciﬁc to their system [23]. Finally, mechanical agita-
tion or mixing itself also likely promotes these interfacial tension
gradients that alters the wettability of AuNPs [35].
A uniﬁed hydrophobic/hydrophilic interaction potential [20] can
beapplied tounderstandcluster formation. Beyondanyelectrostatic
and van der Waals interactions (Derjaguin-Landau-Verwey-
Overbeek DVLO theory), the hydrophobic/hydrophilic or hydration
energy of interaction E for ﬁxed nanoparticle radius of R and interfa-
cial tension c is E ¼ 4pRcD0ð1 f ÞeðD2LÞ=D0 , whereD0,D, and L are
the interaction decay length, the distance between NPs, and the
adlayer depth on the NP surface, respectively. The parameter f
reﬂects the degree of hydration interactions such that f < 1 repre-
sents attractivehydrophobic interactionswhile f > 1 indicates repul-
sive hydrophilic interactions. This hydration component to the
interaction energy occurs over a greater distance than van der
Waals interactions [20], and can be dominant as shown by
Sánchez-Iglesias et al. [18] While a precise, detailed conceptual
understanding is not yet fully developed, it is suggested that this pair
of attractive hydrophobic/repulsive hydrophilic interactions rests
upon entropic contributions due to water density, orientation, and
H-bonding over a long range between two surfaces [20]. We
hypothesize that attractive hydrophobic interactions in our system
would occur among near-neighbor AuNPs with adsorbed 1-hexanol
such that water is re-organized or excluded and cluster formation
B.D. Clark et al. / Journal of Colloid and Interface Science 450 (2015) 417–423 423occurs. Concomitantly, repulsive hydrophilic interactions due to
enhancement of the water molecules adsorbed to citrate adlayers
across proximal AuNPs may also contribute to formation of clusters
or aggregates [18].
A ﬁnal consideration is the question of what controls the size
and anisotropy of the clustering of AuNPs in this tumultuous
interface. We hypothesize that the size of these clusters is par-
tially controlled by the range of the hydrophobic/hydrophilic
effect as explained above and that the ﬁlm ﬂow process in two-
dimensions effectively limits the extent of clustering [17,40].
We do observe a NP size effect (Fig. 5) suggesting that even smal-
ler AuNPs may provide ﬁlms composed of clusters of similar size
(but with each cluster containing more NPs) perhaps with higher
monodispersity. Additionally, we interpret the anisotropic
geometry of these clusters as a balance between two structural
extrema of (1) globular structures (where attractive hydrophobic
interactions > repulsive electrostatic interactions) that form in
low water density regions to decrease total cluster surface area,
and (2) linear structures (where attractive hydrophobic interac-
tions balance repulsive electrostatic interaction) that form in
higher water density regions [21]. Alternatively, the anisotropy
of the clusters may simply reﬂect the directional, capillary action
of the Marangoni ﬂow [35]. That an unstable emulsion can pro-
vide a space for NP assembly sets up a challenge to understand
how to use this space strategically to control assembly formation
and geometry [41,42]. Our system described here has few
reagents and processing steps, and the clusters are no larger than
about 24 NPs. As such, this system should be a tractable system
for theoretical study.
4. Conclusions
A citrate-enriched AuNP hydrosol is placed in contact with 1-
hexanol where the nanoparticles adsorb to the hydrosol-hexanol
interface. If mechanically agitated, an emulsion is formed with an
immediate color change from red to purple. The emulsion is not
stabilized as a Pickering emulsion, and no AuNP transfer to the
hexanol phase occurs. The unstable emulsion coalesces and then
bursts at the ﬂat water–oil-glass interface decreasing the available
surface area for adsorbed AuNPs. The resulting enhanced surface
pressure and the interfacial tension gradients of the liquid–liquid
interface, including the distribution of AuNP contact angles at the
interface, results in spontaneous mass transfer of a ﬁlm to the glass
surface as governed by the Marangoni effect. Efﬁcient mass trans-
fer from the hydrosol to the aqueous–hexanol interface is achieved
with the column method [17]; the ﬁlm deposits with concomitant
AuNP depletion of the hydrosol. In a new ﬁnding presented here,
these deposited ﬁlms are primarily composed of monodisperse,
anisotropic clusters of AuNPs and these can be easily collected
and stored in a stable suspension. The topography of a ﬁlm formed
by the column method shows packed clusters of AuNPs, providing
indirect evidence that the clusters are not formed solely upon son-
ication. Rather, clusters are likely formed at the hydrosol-hexanol
interface of the coalescing emulsion, making this interfacial region
a useful space to explore directed NP assembly. Cluster formation
and geometry can be understood with the concept of hydrophobic
and hydrophilic interactions [18,20,21,39]. Additionally, the cluster
anisotropy may be induced by a directional mass ﬂow upon emul-
sion coalescence that leads to ﬁlm deposition. A robust suspension
of these clusters exhibits a good degree of monodispersity in etha-
nol; clusters are also dispersed in water. The extinction band of
these clusters lies in the near-Infrared region, making these nanos-
tructures attractive for optical applications.Acknowledgment
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